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Radial optic ﬂow applied to large random dot patterns is known to elicit horizontal vergence eye movements at short latency, expan-
sion causing convergence and contraction causing divergence: the Radial Flow Vergence Response (RFVR). We elicited RFVRs in
human subjects by applying radial motion to concentric circular patterns whose radial luminance modulation was that of a square wave
lacking the fundamental: the missing fundamental (mf) stimulus. The radial motion consisted of successive ¼–wavelength steps, so that
the overall pattern and the 4n+1 harmonics (where n = integer) underwent radial expansion (or contraction), whereas the 4n1 harmon-
ics—including the strongest Fourier component (the 3rd harmonic)—underwent the opposite radial motion. Radial motion commenced
only after the subject had ﬁxated the center of the pattern. The initial RFVRs were always in the direction of the 3rd harmonic, e.g.,
expansion of the mf pattern causing divergence. Thus, the earliest RFVRs were strongly dependent on the motion of the major Fourier
component, consistent with early spatio-temporal ﬁltering prior to motion detection, as in the well-known energy model of motion anal-
ysis. If the radial mf stimulus was reduced to just two competing harmonics—the 3rd and 5th—the initial RFVRs showed a nonlinear
dependence on their relative contrasts: when the two harmonics diﬀered in contrast by more than about an octave then the one with the
higher contrast completely dominated the RFVRs and the one with lower contrast lost its inﬂuence: winner-take-all. We suggest that
these nonlinear interactions result from mutual inhibition between the mechanisms sensing the motion of the diﬀerent competing har-
monics. If single radial-ﬂow steps were used, a brief inter-stimulus interval resulted in reversed RFVRs, consistent with the idea that
the motion detectors mediating these responses receive a visual input whose temporal impulse response function is strongly biphasic.
Lastly, all of these characteristics of the RFVR, which we attribute to the early cortical processing of visual motion, are known to be
shared by the Ocular Following Response (OFR)—a conjugate tracking (version) response elicited at short-latency by linear
motion—and even the quantitative details are generally very similar. Thus, although the RFVR and OFR respond to very diﬀerent
patterns of global motion—radial vs. linear—they have very similar local spatiotemporal properties as though mediated by the same
low-level, local-motion detectors, which we suggest are in the striate cortex.
 2007 Elsevier Ltd. All rights reserved.
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A moving observer who looks in the direction of head-
ing experiences a radial pattern of optic ﬂow, and such
visual stimuli have been shown to elicit horizontal vergence0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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E-mail address: bms@lsr.nei.nih.gov (B.M. Sheliga).eye movements at very short latencies, 85 ms in humans
(Busettini, Masson, & Miles, 1997; Yang, FitzGibbon, &
Miles, 1999) and 60 ms in monkeys (Inoue, Takemura,
Suehiro, Kodaka, & Kawano, 1998). Centrifugal (expand-
ing) ﬂow, which signals forward motion of the observer,
results in convergence of the two eyes and centripetal (con-
tracting) ﬂow, which signals backward motion, has the
opposite eﬀect. These Radial-Flow Vergence Responses
(RFVRs), as they are termed, would be useful to the
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aligned on the object of regard in the scene ahead and
hence can be thought of as ‘‘compensatory’’. The gain of
the initial RFVRs was shown to be a linear function of
the pree¨xisting vergence angle and hence would be inver-
sely proportional to viewing distance under normal viewing
conditions (Yang et al., 1999). Given that the vergence eye
movements required to compensate for a given forward
motion of the observer are inversely proportional to the
square of the viewing distance, it was suggested that this
dependence on the pree¨xisting vergence angle would help
the observer who wants to ﬁxate far ahead to avoid making
vergence eye movements in response to the optic ﬂow cre-
ated by nearby objects. In monkeys, bilateral lesions of the
Medial Superior Temporal (MST) region of the cerebral
cortex, which is an area known to contain many neurons
sensitive to radial optic ﬂow (Duﬀy, 2000; Duﬀy & Wurtz,
1991a, 1991b, 1995, 1997a, 1997b, 1997c; Lagae, Maes,
Raiguel, Xiao, & Orban, 1994; Saito et al., 1986; Tanaka
& Saito, 1989; Tanaka et al., 1986), result in major impair-
ments of these eye movements (Takemura, Inoue, & Kaw-
ano, 2002; Takemura, Murata, Kawano, & Miles, 2007).
The RFVR is one of three ocular tracking mechanisms
that are activated at ultra-short latencies by large-ﬁeld
visual stimuli: for review, see Miles (1998) and Miles,
Busettini, Masson, and Yang (2004). One of these other
mechanisms, referred to as the Disparity Vergence
Response (DVR), is thought to work in parallel with the
RFVR, generating vergence eye movements to help main-
tain binocular alignment on objects that lie ahead by utiliz-
ing the binocular parallax (Busettini, Miles, & Krauzlis,
1996; Masson, Busettini, & Miles, 1997; Masson, Yang,
& Miles, 2002b). The third mechanism, the Ocular Follow-
ing Response (OFR), generates conjugate (version) eye
movements in response to motion perpendicular to the line
of sight and is thought to help stabilize gaze on objects that
move within the plane of ﬁxation (Barthelemy, Vanzetta, &
Masson, 2006; Busettini, Miles, & Schwarz, 1991; Masson,
Busettini, Yang, & Miles, 2001; Masson & Castet, 2002;
Masson, Rybarczyk, Castet, & Mestre, 2000; Masson,
Yang, & Miles, 2002a; Masson et al., 2002b; Miles & Kaw-
ano, 1986; Miles, Kawano, & Optican, 1986). These three
mechanisms have previously been shown to have a number
of features in common—including mediation by the MT/
MST region of cortex, at least in monkeys (Takemura
et al., 2007)—and have been suggested to work in harmony
to help stabilize gaze in 3-D: for review, see Miles (1998)
and Miles et al. (2004). The present experiments were
undertaken to determine if the RFVR also shares with
the OFR and DVR several additional features that we have
uncovered only recently. Experiments 1 and 2 in the pres-
ent study used broadband radial-motion stimuli and indi-
cate that the RFVR depends critically on the Fourier
composition of the stimulus, consistent with mediation by
local spatio-temporal ﬁlters; this is in line with recent ﬁnd-
ings on the OFR (Chen, Sheliga, FitzGibbon, & Miles,
2005; Sheliga, Chen, FitzGibbon, & Miles, 2005a) andthe DVR (Sheliga, Chen, FitzGibbon, & Miles, 2005b; She-
liga, FitzGibbon, & Miles, 2006b) using broadband stimuli.
Experiment 3 in the present study used two competing
radial-motion stimuli and indicates that the RFVR dis-
plays a highly nonlinear dependence on the relative con-
trast of the two stimuli, whereby the one with the higher
contrast can totally dominate RFVRs; a similar winner-
take-all (WTA) outcome has also been reported for the
OFR (Sheliga, Kodaka, FitzGibbon, & Miles, 2006c) and
the DVR (Sheliga, FitzGibbon, & Miles, 2007) when com-
peting stimuli are used. Lastly, Experiment 4 in the present
study used apparent radial-motion stimuli consisting of
single steps (‘‘two-frame movies’’) and indicates that the
RFVR can be reversed by a brief inter-stimulus interval
(ISI), consistent with the idea that the visual input to the
underlying motion detectors has a biphasic temporal
impulse response; this is in line with recent ﬁndings on
the OFR using an ISI with single-step motion stimuli (She-
liga, Chen, FitzGibbon, & Miles, 2006a). A quantitative
comparison of these new RFVR data with the previously
reported OFR data leads to the hypothesis that these two
reﬂexes rely upon the same low-level, local-motion
detectors.
2. Experiment 1: Dependence of the RFVR on the harmonic
content and the contrast of the stimulus
Recent studies manipulated the Fourier composition of
the visual stimuli used to elicit the OFR and the DVR (She-
liga et al., 2005a, 2005b, 2006b), employing a variety of 1-
dimensional spatial patterns including a square wave lack-
ing the fundamental, which is the so-called missing funda-
mental (mf) stimulus. As ﬁrst pointed out by Adelson
(1982), the mf stimulus has the special property that, when
advanced in ¼-wavelength steps its harmonics all shift ¼ of
their respective wavelengths, the 4n+1 harmonics (like the
5th, 9th etc) in the forward direction and the 4n–1 har-
monics (like the 3rd, 7th etc) in the backward direction.
Importantly, the amplitude of the ith harmonic of the mf
stimulus is proportional to 1/i, so that the major Fourier
component is the 3rd harmonic. It has been known for
some time that when mf stimuli are moved in successive
¼-wavelength steps, the direction of perceived motion is
often opposite to the actual motion (Adelson, 1982; Adel-
son & Bergen, 1985; Baro & Levinson, 1988; Brown &
He, 2000; Georgeson & Harris, 1990; Georgeson & Shackl-
eton, 1989). It was generally argued that 1st-order-motion
detectors were responsible for the perception here and that
these detectors were not sensing the motion of the raw
images (or their features) but rather the motion energy in
a spatially ﬁltered version of the images, so that the per-
ceived motion depended critically on the harmonic compo-
sition of the spatial stimulus and especially the principal
Fourier component, the 3rd harmonic. On the other hand,
subjects sometimes perceived motion in the correct direc-
tion and this was generally attributed to higher-order
detectors sensitive to the motion of speciﬁc features in
Fig. 1. The radial mf stimulus. (a) x–y luminance plot. (b) Individual
traces show cross sections of the luminance proﬁle through the center of
the stimulus (dashed line in a) for successive ¼-wavelength centripetal
(contraction) steps. Gray lines, the mf stimulus. Black lines, the 3rd
harmonic. Open circles and gray arrows indicate the ¼-wavelength
centripetal (contraction) shifts of particular peaks in the proﬁle of the mf
stimulus. Black dots and arrows indicate the ¼-wavelength centrifugal
(expansion) shifts of particular peaks in the proﬁle of the 3rd harmonic.
Note that the scales are diﬀerent in (a) and (b).
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others indicating that there are (at least) two neural mech-
anisms by which we sense visual motion.1 The distinguish-
ing characteristics of these mechanisms are sometimes
controversial, and various descriptors have been applied
to them: ‘‘short-range’’ versus ‘‘long-range’’ (Braddick,
1974), ‘‘1st-order’’ versus ‘‘2nd-order’’ (Cavanagh & Math-
er, 1989), ‘‘Fourier’’ versus ‘‘non-Fourier’’ (Chubb & Sper-
ling, 1988), ‘‘passive’’ versus ‘‘active’’ (Cavanagh, 1992),
and ‘‘energy-based’’ versus ‘‘feature-based’’ or ‘‘correspon-
dence-based’’ (Smith, 1994). We recently reported that ¼-
wavelength steps applied to 1-dimensional mf stimuli elicit
OFRs in the backward direction, i.e., in the direction of
motion of the 3rd harmonic rather than the direction of
motion of the overall pattern (Chen et al., 2005; Sheliga
et al., 2005a), consistent with mediation by detectors sensi-
tive to 1st-order motion, such as those in the well-known
energy model of motion analysis (Adelson & Bergen,
1985; van Santen & Sperling, 1985; Watson & Ahumada,
1985). In a subsequent study on the DVR, we found that
stationary 1-dimensional mf stimuli that were identical at
the two eyes except for a phase diﬀerence (i.e., a binocular
disparity) of ¼ wavelength, elicited vergence responses that
were in the backward direction (Sheliga et al., 2005b,
2006b), consistent with mediation by detectors sensitive
to 1st-order disparity, such as those in the disparity-energy
model of Ohzawa, DeAngelis, and Freeman (1990). Exper-
iment 1 of the present study examined the RFVRs that are
elicited when radial motion—in the form of successive ¼-
wavelength steps—is brieﬂy applied to concentric circular
patterns whose radial luminance modulation is that of a
square wave with a missing fundamental (Fig. 1). We
report that the RFVRs to this radial mf stimulus were in
the reverse direction of those previously obtained with con-
ventional random-dot patterns, e.g., successive expansion
steps applied to the radial mf pattern caused divergence,
as though driven by the motion of the 3rd harmonic rather
than the motion of the overall pattern.2.1. Methods
Some of the techniques, such as those used for recording
eye movements and for data analysis, were very similar to
those used previously in our laboratory (Sheliga et al.,
2005a; Yang et al., 1999) and will be described only in brief
here. All of the Experimental protocols were approved by
the Institutional Review Committee concerned with the
use of human subjects.2.1.1. Subjects
Three subjects participated; two were authors (BMS,
FAM) and the third was a paid volunteer who was una-
ware of the purpose of the experiments (NPB). All subjects1 Lu and Sperling (1995, 1996, 2001) contend that there are three
diﬀerent mechanisms by which we sense motion.had normal or corrected-to-normal vision. Viewing was
binocular for all subjects.2.1.2. Visual display and radial-motion stimuli
The subjects sat in a dark room with their heads posi-
tioned by means of adjustable rests (for the forehead and
chin) and secured in place with an adjustable encircling
band. Visual stimuli were presented on a computer monitor
(Silicon Graphics CPD G520K 19’’ CRT driven by a PC
Radeon 9800 Pro video card) located straight ahead at
33.3 cm from the corneal vertex. The monitor screen was
385 mm wide and 241 mm high, with a resolution of
1920 · 1200 pixels and a vertical refresh rate of 100 Hz.
The RGB signals from the video card provided the inputs
to an attenuator (Pelli, 1997) whose output was connected
to the ‘‘green’’ input of a video signal splitter (Black Box
Corp., AC085A-R2); the three ‘‘green’’ video outputs of
the splitter were then connected to the RGB inputs of the
monitor. This arrangement allowed the presentation of
black and white images with 11-bit grayscale resolution.
Initially, a luminance lookup table with 64 equally-spaced
luminance levels ranging from 0.5 cd/m2 to 84.7 cd/m2
was created by direct luminance measurements (IL1700
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under software control. This table was then expanded to
2048 equally-spaced levels by interpolation and subse-
quently checked for linearity (typically, r > 0.99997).
The visual images consisted of concentric circular grat-
ing patterns (centered on the screen center) that could have
one of three radial luminance proﬁles in any given trial: a
square wave with a missing fundamental (the mf stimulus,
see Fig. 1), or a pure sine wave whose spatial frequency
could be the same as that of the fundamental (the 1f stim-
ulus) or the 3rd harmonic (the 3f stimulus) of the mf
stimulus.
Each image extended 60 horizontally and 40 vertically,
and had a mean luminance of 42.6 cd/m2. The initial phase
of a given grating stimulus was randomized from trial to
trial at ¼-wavelength intervals. Radial motion was created
by substituting a new image every other frame (i.e., every
20 ms) over a period of 200 ms (i.e., 10 images), each new
image being identical to the previous one except phase
shifted centrifugally (expansion) or centripetally (contrac-
tion) by ¼ of the wavelength of the pattern. In any given
trial the successive steps were all in the same direction
(expansion or contraction). The fundamental spatial fre-
quency of the mf stimuli was 0.167 cycles/ (wavelength,
6), while the pure sine-wave gratings had spatial frequen-
cies of either 0.167 cycles/ (1f stimulus) or 0.5 cycles/ (3f
stimulus; wavelength, 2), and all were corrected for the
cyclopean tangent error.2 All radial-ﬂow steps subtended
1.5, which meant that the 1f and mf stimuli underwent
¼-wavelength phase shifts whereas the 3f stimuli (and the
3rd harmonic of the mf stimuli) underwent 3/4-wavelength
phase shifts. However, with a pure sine-wave grating a
3/4-wavelength phase diﬀerence is exactly equivalent to a
¼-wavelength phase diﬀerence of the opposite sign. This
ambiguity is illustrated in Fig. 1b, which indicates that
when a mf pattern undergoes ¼-wavelength contracting
steps (grey traces and arrows) its 3rd harmonic (black
traces) undergoes motion that can be described as consis-
ting of either 3/4-wavelength contracting steps (grey arrows)
or ¼-wavelength expanding steps (black arrows). It will be
seen in the Results section that the initial RFVRs elicited
when ¼-wavelength phase shifts are applied to pure sine-
wave gratings are always in the direction of those shifts,
i.e., the forward direction, as though mediated by a sensing
mechanism that gives greatest weight to the nearest-neigh-
bor matches. Thus, because of the way the brain senses
visual motion, when the mf stimulus is moved in ¼-wave-
length steps the (1st-order) motion of its 3rd harmonic is
in the opposite direction to the (2nd-order) motion of the
overall pattern.2 The tangent error is speciﬁc to each eye but here was corrected with
respect to the screen center, i.e., the cyclopean viewpoint. Preliminary
experiments had indicated that, with these spatial frequencies, ¼-wave-
length radial-ﬂow steps applied to the 1f and 3f stimuli elicited robust
RFVRs of similar amplitude when of high contrast (32%).The dependent variable was the Michelson contrast,
randomly sampled each trial from a lookup table. The con-
trast values in the lookup table for the 1f and 3f stimuli
were 0.5%, 1%, 2%, 4%, 8%, 16%, 32%, and 64%. For
the mf stimuli, the table entries were the same (except that
the maximum value was 32%) but speciﬁed the contrast of
the 3rd harmonic. This meant that the 3f stimuli exactly
mimicked the 3rd harmonic of the mf stimuli. The lowest
resolution in our tangent display (directly ahead of each
eye) was 32 pixels/, and in order to avoid spatial aliasing
the mf stimuli were synthesized by summing the odd har-
monics with spatial frequencies only up to the Nyquist
limit. For subjects NPB and BMS, who did not wear spec-
tacle correction, the highest harmonic in the mf stimulus
was the 95th, which with a spatial frequency of 15.9
cycles/ (and a contrast of only 1%) was well beyond the
high-frequency cutoﬀ for the RFVR (see Fig. 4). For sub-
ject FAM, who wore a positive spectacle correction with a
(measured) magniﬁcation factor of 1.175 in our setup, the
Nyquist limit was slightly lower and the highest harmonic
in the mf stimulus was reduced accordingly.
2.1.3. Eye-movement recording
The horizontal and vertical positions of both eyes were
recorded with an electromagnetic induction technique
(Robinson, 1963) using a scleral search coil embedded in
a silastin ring (Collewijn, Van Der Mark, & Jansen,
1975), as described by Yang et al. (1999).
2.1.4. Procedures
All aspects of the experimental paradigms were con-
trolled by two PCs, which communicated via Ethernet
using the TCP/UDP protocol. One of the PCs was running
a Real-time EXperimentation software package (REX)
developed by Hays, Richmond, and Optican (1982), and
provided the overall control of the experimental protocol
as well as storing the eye-movement data. The other PC
was running Matlab subroutines, utilizing the Psychophys-
ics Toolbox extensions (Brainard, 1997; Pelli, 1997), and
generated the visual stimuli upon receiving a start signal
from the REX machine.
At the beginning of each trial, a circular grating pattern
appeared (randomly selected from a lookup table) together
with a central target spot (diameter, 0.25) that the subject
was instructed to ﬁxate. After the subject’s eyes had been
positioned within a 2 window centered on the ﬁxation tar-
get and no saccades had been detected (using an eye veloc-
ity threshold of 12 /s) for a randomized period of 750–
1000 ms the ﬁxation target disappeared and the radial-ﬂow
steps began. This apparent-motion stimulus lasted for
200 ms, at which point the screen became a uniform gray
(luminance, 42.6 cd/m2) marking the end of the trial. After
an inter-trial interval of 500 ms a new grating pattern
appeared together with a central ﬁxation point, commenc-
ing a new trial. The subjects were asked to refrain from
blinking or making any saccades except during the inter-
trial intervals but were given no instructions relating to
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ing the period of the trial, then the data were stored on a
hard disk; otherwise, the trial was aborted and subse-
quently repeated. Each block of trials had 46 randomly
interleaved stimulus combinations: 3 patterns (1f, 3f, mf),
each with 7 or 8 diﬀerent contrasts (indicated above), and
2 directions of radial motion. Data were collected over sev-
eral sessions until each condition had been repeated an ade-
quate number of times to permit good resolution of the
responses (through averaging) even when exploring the
limit of the responsive range with stimuli of marginal eﬃ-
cacy; the actual numbers of trials will be given in the
Results.2.1.5. Data analysis
The horizontal and vertical eye position data obtained
during the calibration procedure were each ﬁtted with sec-
ond-order polynomials which were then used to linearize
the horizontal and vertical eye position data recorded dur-
ing the experiment proper. The eye position data were
smoothed with a 6-pole Butterworth ﬁlter (3 dB at 45 Hz)
and trials with saccadic intrusions were deleted. The hori-
zontal vergence eye position was computed by subtracting
the horizontal position of the right eye from the horizontal
position of the left eye. Note that RFVRs are purely hori-
zontal (Busettini et al., 1997). We used the convention that
rightward eye movements were positive, so that conver-
gence had a positive sign. Instantaneous vergence velocity
over time was derived from the two-point (15 ms apart)
central diﬀerence between the symmetric-weight moving
averages (15 points) of the vergence position samples (UsuiFig. 2. The initial RFVR: dependence on contrast (mean vergence velocity p
successive expansion (continuous lines) and contraction (dashed lines) steps of t
(wavelength, 6). (b) mf stimulus (wavelength, 6). (c) 3f stimulus (wavelength, 2
the 1f and mf stimuli and 3/4 of the wavelength of the 3f stimulus. The numbers o
case of the mf stimuli specify the contrast of the 3rd harmonic). Positive (upwa
indicate zero vergence velocity. Note that time on the abscissa starts 40 ms afte
repetitions of the stimulus. Conv, convergence; Div, divergence.& Amidror, 1982). The initial RFVRs were quantiﬁed by
measuring the changes in vergence angle over the 80 ms
time periods commencing 80 ms after the onset of the
radial-motion stimuli. The minimum response latency
was 80 ms so that these response measures were restricted
to the period prior to the closure of the visual feedback
loop (i.e., twice the reaction time): initial open-loop
response measures. We then computed the means of these
change-in-vergence-position measures as well as the mean
vergence velocity proﬁles over time for each stimulus
condition.2.2. Results
The sample mean vergence velocity proﬁles in Fig. 2a
obtained from subject NPB with the 1f sine-wave stimuli
indicate that the direction of the initial RFVRs elicited
by apparent motion consisting of successive ¼-wavelength
radial shifts was as previously reported by Busettini et al.
(1997) and Yang et al. (1999), who used broad-band (ran-
dom-dot) patterns: expansions (continuous traces) resulted
in convergence (upward deﬂections) and contractions
(dashed traces) resulted in divergence (downward deﬂec-
tions). Clearly, with a pure sine-wave stimulus it is the
¼-wavelength shifts that deﬁne the direction of the
radial-ﬂow. Note that the numbers on the traces in Fig. 2
indicate the Michelson contrast of the gratings (in %).
When radial-ﬂow steps of the same absolute magnitude
were applied to the mf stimuli—whose fundamental spatial
frequency was the same as that of the 1f stimulus—the initial
RFVRs were in the opposite direction, so that expansionsroﬁles over time from subject NPB). Traces show the RFVRs elicited by
he same absolute amplitude (1.5) applied to various stimuli. (a) 1f stimulus
). Each radial-ﬂow step therefore corresponded to ¼ of the wavelength of
n the traces indicate the Michelson contrast of the patterns in % (and in the
rd) deﬂections denote convergent eye movements. Horizontal broken lines
r the occurrence of the ﬁrst step. Each trace is the mean response to 57–97
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(dashed traces) resulted in convergence: see Fig. 2b. These
reversed responses were reminiscent of the reversed OFRs
and DVRs that we previously reported when ¼-wavelength
shifts were applied to mf stimuli and attributed to the prin-
cipal Fourier component, the 3rd harmonic (Sheliga et al.,
2005a, 2006b). Note that the numbers on the mf traces refer
to the contrast of that 3rd harmonic. As expected, when
radial-ﬂow steps of the same absolute magnitude were
applied to the 3f stimuli, which were designed to exactly
mimic the 3rd harmonic of the mf stimuli (see Methods),
the initial RFVRs were in the same (reversed) direction
as those elicited by the mf stimuli: see Fig. 2c.
The RFVRs were invariably small, vergence velocities
rarely exceeding 2/s, even with the most eﬀective stimulus,
necessitating that we average many responses to achieve
adequate signal-to-noise (see ﬁgure legends for these num-
bers). In addition, all RFVRs showed a superimposed
divergent drift. In Fig. 2, this drift is relatively minor and
is most readily appreciated in the data obtained with the
pure sine-wave gratings shown in Fig. 2a and c: when the
gratings were of 0.5% contrast, which was just below
threshold, expansion and contraction stimuli were associ-
ated with a similar, gradually increasing, divergent drift.
We suggest that it is in part these divergent drifts that ren-
dered the convergent responses slightly more transient than
the divergent responses regardless of which stimulus wasFig. 3. The initial RFVR: dependence on contrast (pooled mean change-in-ver
expansion minus their responses to contraction). Successive radial-ﬂow step
(wavelength, 6; open circles), 3f stimuli (wavelength, 2; closed circles) and m
resulted in ¼-wavelength steps that were in the forward direction with the 1f
convention, the compensatory response to expansion (contraction) is converg
measures (expansion minus contraction) are positive (negative) when the RFVR
the mf data are plotted as a function of the contrast of their 3rd harmonic. The
99 trials per condition; SD’s ranged 0.0445–0.0545). (b) Subject BMS (86–130
200 trials per condition; SD’s ranged 0.024–0.037).used to generate them. The quantitative dependence of
the RFVRs on contrast was determined using the mean
change-in-vergence-position measures, and in order to
eliminate this divergent bias (which was even more pro-
nounced in the other two subjects), as well as to improve
the signal-to-noise ratio, the response measures for expan-
sion and contraction were pooled. This was achieved by
subtracting the mean response to each contraction stimulus
from the mean response to the corresponding expansion
stimulus, and we shall refer to these as the ‘‘pooled
response measures’’. The pooled measures based on the
data of subject NPB in Fig. 2 are plotted as a function of
contrast in Fig. 3a (note the logarithmic abscissa). When
assessed in this way, all data obtained with all three stimuli
show a monotonic rise and gradual saturation with increas-
ing contrast; the data obtained with the 1f stimuli (open
circles) are always positive, whereas those obtained with
the 3f (closed circles) and mf (open squares) stimuli are
always negative. Importantly, the pooled mf data, which
are plotted with respect to the contrast of the 3rd har-
monic, overshoot the pooled 3f data slightly at lower con-
trasts and undershoot them at higher contrasts. The data
obtained from the other two subjects are plotted in (b)
and (c) of Fig. 3, and clearly show the same general
features.
The plots in Fig. 3 were each ﬁtted with the following
expression:gence-position measures for each of 3 subjects based on their responses to
s each of the same absolute amplitude (1.5) were applied to 1f stimuli
f stimuli (wavelength, 6; open squares). The radial-ﬂow stimuli therefore
and mf stimuli and in the backward direction with the 3f stimulus. In our
ence (divergence), which has a positive (negative) sign, so that the pooled
s are in accord with stimuli in the forward (backward) direction. Note that
smooth curves are best-ﬁt Naka-Rushton functions. (a) Subject NPB (57–
trials per condition; SD’s ranged 0.0288–0.0503). (c) Subject FAM (188–
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cn
cn  cn50
ð1Þ
where Rmax is the maximum attainable response, c is the
contrast, c50 is the semi-saturation contrast (at which the
response has half its maximum value), and n is the expo-
nent that sets the steepness of the curves. This expression
is based on the Naka–Rushton equation (Naka & Rushton,
1966) and various studies have shown that it provides a
good ﬁt to the contrast dependence curves of neurons in
the LGN, V1 and MT of monkeys (e.g., Albrecht, Geisler,
Frazor, & Crane, 2002; Albrecht & Hamilton, 1982; Heuer
& Britten, 2002; Sclar, Maunsell, & Lennie, 1990), as well
as the contrast dependence curves for the initial OFRs
(Masson & Castet, 2002; Miura et al., 2006; Sheliga
et al., 2005a) and the initial DVRs (Sheliga et al., 2006b)
obtained with pure sine-wave grating patterns. The least-
squares best ﬁts obtained with Expression (1) are shown
in continuous lines in Fig. 3. The r2 values for these ﬁts ran-
ged from 0.915 to 0.989 (mean, 0.972), indicating that they
provide a very good description of the entire data set, and
the values of the two free parameters, c50 and n, together
with Rmax are listed in Table 1. The best-ﬁt curves for the
3f data are always slightly less steep and reach 50% maxi-
mum at a slightly higher contrast than those for the 1f data
and this is reﬂected in the values of the two free parameters:
the mean values of n were 1.36 (3f) and 1.84 (1f), and the
mean values of c50 were 3.2% (3f) and 2.2% (1f).2.3. Discussion of Experiment 1
When the radial-ﬂow stimuli had the luminance proﬁle
of a pure sine wave (1f or 3f stimuli) and were deﬁned with
respect to the ¼-wavelength shifts, the RVFRs were consis-
tent with those previously obtained with random-dot stim-
uli (Busettini et al., 1997; Yang et al., 1999), indicating that
the local-motion detectors give the greatest weight to the
nearest-neighbor matches. The initial RFVRs elicited by
¼-wavelength shifts applied to the mf stimuli were alwaysTable 1
The initial RFVR: dependence on contrast (Experiment 1)
Rmax
1f BMS 0.064
FAM 0.064
NPB 0.169
Mean ± SD 0.099 ± 0.061
3f BMS 0.073
FAM 0.077
NPB 0.145
Mean ± SD 0.098 ± 0.041
mf BMS 0.058
FAM 0.049
NPB 0.095
Mean ± SD 0.067 ± 0.025
Parameters of the best-ﬁt Naka–Rushton functions (given by Expression (1)) f
semi-saturation contrast (at which the response has half its maximum value),in the backward direction, consistent with mediation by
the ¼-wavelength backward shifts of the principal Fourier
component, the 3rd harmonic. When plotted in terms of
the contrast of that 3rd harmonic, the mf data generally
matched the data obtained with the pure 3f stimuli for con-
trasts up to 4%—actually, consistently overshooting
them slightly—but fell progressively short with higher con-
trasts (Fig. 3). It is not clear why the mf data exceeded the
pure 3f data slightly at lower contrasts, especially since the
harmonic with the next highest contrast is the 5th, which is
one of the 4n+1 harmonics that move in the opposite direc-
tion to the 3rd harmonic and so might be expected to
reduce the responses so that they are below those elicited
by the pure 3f stimulus. The shortfall at higher contrast
resembles that which we previously reported for the OFR
(Sheliga et al., 2005a) and the DVR (Sheliga et al.,
2006b). In those studies, we postulated three possible
causes of the shortfall with higher contrasts: the higher har-
monics (especially the 5th), distortion products and higher-
order features, all of which become more salient at higher
contrast. After an in-depth discussion of each factor, we
concluded that the higher harmonics probably had the
greatest impact, though a very minor contribution from
distortion products and/or a feature-based mechanism
was also possible (Sheliga et al., 2005a), and we think that
this is also the case for the current RFVR data and for very
similar reasons. We will return to this issue when we dis-
cuss the ﬁndings in the next experiment.
As pointed out in the Introduction, data from lesions
and neurophysiology in monkeys strongly implicate the
cortical area MST in the genesis of the RFVR. This cortical
region is specialized for the processing of optic ﬂow (for
recent review, see Wurtz, 1998) and is thought to rely heav-
ily on magnocellular pathways, which are so named
because they include the magnocellular layers of the
LGN (Livingstone & Hubel, 1987, 1988; Maunsell, Nealey,
& DePriest, 1990; Merigan & Maunsell, 1990; Schiller,
Logothetis, & Charles, 1990). The present data on the con-
trast dependence of the RFVR are consistent with thisc50 n r
2
1.6% 2.19 0.915
2.5% 2.17 0.983
2.4% 1.14 0.955
2.2 ± 0.5% 1.84 ± 0.60 0.951 ± 0.034
2.6% 1.59 0.982
4.1% 1.33 0.989
2.8% 1.16 0.977
3.2 ± 0.8% 1.36 ± 0.22 0.982 ± 0.006
1.6% 2.23 0.981
1.9% 2.31 0.987
1.0% 2.19 0.984
1.5 ± 0.5% 2.25 ± 0.06 0.984 ± 0.003
or the data in Fig. 3. Rmax is the maximum attainable response, c50 is the
and n is the exponent that sets the steepness of the curves.
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levels, a deﬁning characteristic of the magnocellular path-
way (Kaplan & Shapley, 1982).
3. Experiment 2: Dependence of the RFVR on spatial
frequency
In this second experiment, we again elicited RFVRs
by applying radial motion—in the form of successive
¼-wavelength steps—to concentric circular patterns
whose radial luminance modulation was that of a pure
sine-wave or the mf stimulus, but this time the dependent
variable was the spatial frequency. In order to gain
insight into the contribution of the higher harmonics to
the spatial frequency tuning curves obtained with the
mf stimuli, we also used mf stimuli that lacked either
the 5th harmonic or the 5th and the 7th harmonics,
and in order to reduce the impact of distortion products
we used low-contrast stimuli (cf., Scott-Samuel &
Georgeson, 1999).
3.1. Methods
Most of the methods and procedures were identical to
those used in Experiment 1, and only those that were diﬀer-
ent will be described here.
3.1.1. Subjects
Three subjects participated; two were authors (BMS,
FAM) and the third was a paid volunteer who was una-
ware of the purpose of the experiments (JRC).
3.1.2. Radial-motion stimuli
The visual images consisted of concentric circular
grating patterns (centered on the screen center) that
could have one of four radial luminance proﬁles in any
given trial: (1) a pure sine wave; (2) a square wave with
a missing fundamental (the mf stimulus); (3) a mf stimu-
lus lacking the 5th harmonic (the mf-5 stimulus); (4) a mf
stimulus lacking the 5th and 7th harmonics (the mf-5&7
stimulus). The dependent variable was spatial frequency,
randomly sampled each trial from a lookup table. The
values in the lookup table were 0.0417, 0.0625, 0.125,
0.25, 0.5, 1, 2, and 4 cycles/. Because Experiment 1
had indicated that the principal Fourier component plays
a major roˆle in the genesis of the RFVR, the parameters
of the broadband stimuli—the spatial frequency, the con-
trast, and the polarity of the ¼-wavelength radial-ﬂow
steps—were all speciﬁed in terms of their 3rd harmonic.
The data were obtained using stimuli of low contrast
(4%) to reduce the likelihood that distortion products
make any signiﬁcant contribution (Scott-Samuel &
Georgeson, 1999). With these arrangements, the RFVRs
to any given broadband stimulus could be directly com-
pared with those to a pure sine-wave stimulus whose spa-
tial frequency, contrast and radial-ﬂow motion exactly
matched those of the 3rd harmonic.3.1.3. Procedures
These were the same as for Experiment 1 except that
each block of trials had 60–62 randomly interleaved stimu-
lus combinations: 4 patterns (f, mf, mf-5, mf-5&7), each
with 7 or 8 diﬀerent spatial frequencies (indicated above),
and 2 directions of radial motion.
3.2. Results
The RFVR showed a band-pass dependence on spatial
frequency that was well ﬁt by a Gaussian function (on a
log abscissa) regardless of whether the stimulus was a pure
sine wave or one of the broadband patterns. This is evident
in Fig. 4, which shows the pooled RFVR measures
obtained with each of the four radial stimulus patterns
from each of the three subjects together with the best-ﬁt
Gaussian functions (smooth curves). The three parameters
of these Gaussian functions—peak amplitude (Apeak), spa-
tial frequency of the peak (fo) and standard deviation (r)—
are listed in Table 2, together with the low-frequency cutoﬀ
(flo) and the high-frequency cutoﬀ (fhi), which are the spa-
tial frequencies at which the tuning curve was half its max-
imum: see Read and Cumming (2003) for their derivation.
The r2 values for these ﬁts ranged from 0.937 to 0.992
(mean, 0.971), indicating that they provide a good descrip-
tion of the data. An important feature of Fig. 4 is that the
data obtained with the broadband stimuli are plotted with
respect to the polarity and spatial frequency of the 3rd har-
monic, which was the harmonic with the highest contrast/
amplitude and the lowest spatial frequency. When so plot-
ted, the data obtained with the broadband stimuli approx-
imated those obtained with the pure sine-wave stimuli
when the spatial frequency wasP0.6 cycles/; in fact, close
inspection here reveals that the broadband data generally
exceeded the pure sine-wave data very slightly (cf., the
low-contrast data in Fig. 3) and their best-ﬁt Gaussian
functions had slightly greater high-frequency cutoﬀ values
(Table 2). When the spatial frequency was <0.6 cycles/,
the broadband data generally fell short of the pure sine-
wave data, sometimes by an appreciable margin. For the
subject BMS, this shortfall in the broadband responses at
lower spatial frequencies was greatest for the mf data, least
for the mf-5 data, and intermediate for the mf-5&7 data: see
Fig. 4b. Thus, in this subject, removing the 5th harmonic
worked to increase the RFVR and removing the 7th har-
monic worked to decrease the RFVR, exactly in accor-
dance with the polarity of their expected contributions
given the direction of their ¼-wavelength shifts. Similar
trends are generally evident in the RFVRs of the other
two subjects, though the mf-5&7 data reach a higher peak
than the mf-5 data, especially in subject FAM: see Fig. 4a
and c.
3.3. Discussion of Experiment 2
Like the OFR (Sheliga et al., 2005a) and the DVR
(Sheliga et al., 2006b), the RFVR showed a band-pass
Fig. 4. The initial RFVR: dependence on spatial frequency (pooled mean change-in-vergence-position measures for each of 3 subjects based on their
responses to expansion minus their responses to contraction). Successive ¼-wavelength radial-ﬂow steps were applied to pure sine-wave stimuli (black
lines/ﬁlled circles), mf stimuli (red lines/open squares), mf-5 stimuli (orange lines/ﬁlled squares), and mf-5&7 stimuli (green lines/open diamonds). Note
that this ﬁgure is diﬀerent from all others insofar as the RFVRs elicited by the broadband gratings are deﬁned with respect to the ¼-wavelength shifts of
their 3rd harmonics; this results in all RFVRs to all stimuli having a positive value, allowing easy comparison. The smooth curves are best-ﬁt Gaussian
functions (whose parameters are listed in Table 2). (a) Subject JRC (66–79 trials per condition; SD’s ranged 0.012–0.019). (b) Subject BMS (67–70 trials
per condition; SD’s ranged 0.014–0.021). (c) Subject FAM (187–202 trials per condition; SD’s ranged 0.020–0.033).
Table 2
The initial RFVR: dependence on spatial frequency (Experiment 2)
Apeak f0 r flo fhi r
2
sine (4%) BMS 0.051 0.22 0.44 0.07 0.71 0.992
FAM 0.048 0.25 0.41 0.08 0.76 0.955
JRC 0.057 0.23 0.46 0.07 0.81 0.966
Mean ± SD 0.052 ± 0.005 0.23 ± 0.02 0.44 ± 0.03 0.07 ± 0.01 0.76 ± 0.05 0.971 ± 0.019
mf BMS 0.038 0.43 0.35 0.17 1.10 0.947
FAM 0.040 0.38 0.41 0.12 1.15 0.985
JRC 0.044 0.44 0.40 0.15 1.29 0.937
Mean ± SD 0.041 ± 0.003 0.42 ± 0.03 0.39 ± 0.03 0.15 ± 0.03 1.18 ± 0.10 0.956 ± 0.025
mf-5 BMS 0.049 0.28 0.40 0.09 0.83 0.978
FAM 0.040 0.31 0.49 0.08 1.17 0.985
JRC 0.051 0.29 0.45 0.09 0.98 0.974
Mean ± SD 0.047 ± 0.006 0.29 ± 0.02 0.45 ± 0.05 0.09 ± 0.01 0.99 ± 0.17 0.979 ± 0.006
mf-5&7 BMS 0.046 0.36 0.36 0.14 0.96 0.979
FAM 0.046 0.32 0.40 0.11 0.95 0.966
JRC 0.053 0.32 0.42 0.10 0.99 0.986
Mean ± SD 0.048 ± 0.004 0.33 ± 0.02 0.39 ± 0.03 0.12 ± 0.02 0.97 ± 0.02 0.977 ± 0.010
sine (32%) BMS 0.081 0.25 0.64 0.04 1.41 0.987
FAM 0.096 0.31 0.65 0.05 1.81 0.994
JKM 0.058 0.31 0.51 0.08 1.24 0.930
Mean ± SD 0.078 ± 0.019 0.29 ± 0.04 0.60 ± 0.08 0.06 ± 0.02 1.49 ± 0.29 0.970 ± 0.035
Parameters of the best-ﬁt Gaussian functions (given by Expression (2)) for the data in Fig. 4. Apeak, amplitude of the peak in degrees; f0, spatial frequency
of the peak in cycles/; r, standard deviation in log10 units; flo, fhi, low- and high-frequency cutoﬀ in cycles/; r2, coeﬃcient of determination. The data in
the upper four blocks (labeled, ‘‘sine (4%)’’, ‘‘mf’’, ‘‘mf-5’’, and ‘‘mf-5&7’’) were obtained with stimuli of 4% contrast (deﬁned with respect to the 3rd
harmonics in the case of the broadband stimuli). The data at the bottom (labeled ‘‘sine (32%)’’) were obtained with pure sine-wave gratings of 32% contrast
and will be discussed in a later section.
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a Gaussian function when using a logarithmic abscissa.
The upper spatial frequency limit of the RFVRs to puresine-wave stimuli was about 3–4 cycles/ (Fig. 4), indicating
that with the broadband stimuli no harmonic could make a
contribution if its spatial frequency exceeded this upper
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responsive range of the spatial frequency tuning curves
obtained with the broadband stimuli must be mediated
by the harmonic with the lowest spatial frequency, the
3rd harmonic. Thus, it is not surprising that the spatial-fre-
quency tuning curves obtained with broadband stimuli
approximated those obtained with pure sine waves at the
higher spatial frequencies when plotted as a function of
the spatial frequency of the 3rd harmonic,3 especially given
that the 3rd harmonic also had the largest amplitude/
contrast of any harmonic. The next harmonic in the mf
stimulus is the 5th, which is a 4n+1 harmonic moving in
the opposite direction to—and has a spatial frequency that
is 40% higher than—the 3rd harmonic. The spatial fre-
quency of the 5th harmonic was at the upper limit (i.e.,
about 3–4 cycles/) when the spatial frequency of the 3rd
harmonic was 2 cycles/, yet it is clear in Fig. 4 that
removing the 5th harmonic increased the RFVRs only
when the spatial frequency of the 3rd harmonic was less
than 0.6 cycles/ (at which point the 5th harmonic had
a spatial frequency of 1 cycles/): compare the mf and
mf-5 proﬁles in Fig. 4. Presumably, an important factor
in this seeming shortfall in the contribution of the 5th har-
monic is that its contrast was 40% less than that of the 3rd
harmonic. However, we will see in Experiment 3 that there
are also nonlinear interactions between the neural mecha-
nisms mediating the RFVRs to these diﬀerent harmonics
that probably also contributed to this shortfall in the con-
tribution of the 5th harmonic when its contrast was below
that of the 3rd harmonic.
In the same way that the contribution of the 5th har-
monic is evident from the diﬀerence between the mf and
mf-5 tuning curves in Fig. 4, the contribution of the 7th
harmonic is evident from the diﬀerence between the mf-5
and mf-5&7 tuning curves. In subject BMS (Fig. 4b),
removing the 7th harmonic—a 4n1 harmonic whose con-
trast was 57% less than that of the 3rd harmonic—after the
5th had already been removed generally worked to reduce
the RFVRs when the spatial frequency of the 3rd harmonic
was less that 0.6 cycles/, as expected given that its appar-
ent motion was in the same direction as that of the 3rd har-
monic. However, this was not always the case—removing
the 7th harmonic had very little impact in subject JRC
and increased the RFVRs near the peak of the tuning curve
in subject FAM—and it is possible that the low apparent
speed of the 7th harmonic—43% of that of the 3rd har-
monic—is a factor here (cf., Sheliga et al., 2006c).
The clear indication from Experiment 2 is that the initial
RFVRs were heavily dependent on the Fourier composi-
tion of the visual stimulus and the eﬃcacy of a given har-
monic depended on its frequency and contrast. That the
Fourier composition of the radial-ﬂow stimulus is so3 The responses to the broadband stimuli actually exceeded those to the
pure sine-wave stimuli slightly, something for which we do not have an
explanation.important is consistent with mediation by oriented spatio-
temporal ﬁlters sensitive to the local-motion energy.4. Experiment 3: The initial RFVR to two sine-wave gratings
with competing motions
In our recent studies of the OFRs that are elicited when
¼-wavelength steps are applied to the 1-dimensional mf
stimulus we also examined the eﬀect of selectively reducing
the contrast of the principal Fourier component, the 3rd
harmonic, while the contrasts of the other harmonics
remained unchanged (Sheliga et al., 2006c). This revealed
the existence of powerful nonlinear interactions between
the mechanisms sensing the various competing harmonics:
as the contrast of the 3rd harmonic was reduced below that
of the next most prominent harmonic, the 5th, then, as
expected, the OFR reversed direction. However, surpris-
ingly, once the contrast of that 3rd harmonic fell to less
than ½ the contrast of the 5th harmonic then further reduc-
tions had no impact, as though the inﬂuence of that har-
monic had been suppressed by the 5th harmonic, which
was now the principal Fourier component and dominated
the OFR. Restricting the moving stimuli to just two com-
peting sine waves equivalent to the 3rd and 5th harmonics
of the mf stimulus (and arranged to be of roughly equal
eﬃcacy when of equal contrast and presented singly) indi-
cated that the critical factor was the ratio of their two con-
trasts: when of similar contrast both were eﬀective (vector
sum/averaging), but when the contrast of one was less than
about ½ that of the other then the one with the higher con-
trast became dominant and the one with the lower contrast
became ineﬀective: WTA. This nonlinear interaction was
attributed to mutual inhibition between the neural chan-
nels sensing the motion of the two competing sine waves.
In another study, we showed that the DVR elicited by
two superimposed stationary 1-dimensional sine-wave
gratings with competing binocular disparities was deter-
mined by their relative contrasts, so that when the two dif-
fered in contrast by more than a certain amount then the
one with the higher contrast completely dominated the
DVR and the one with lower contrast lost its inﬂuence
(Sheliga et al., 2007).
In Experiment 3 we undertook analogous studies on the
RFVR, using concentric circular patterns whose radial
luminance modulation was that of two superimposed sine
waves with spatial frequencies in the ratio 3:5. The two sine
waves were each subjected to apparent motion consisting
of successive ¼-wavelength steps but of opposite sign, so
that one underwent contracting steps and the other
expanding steps, eﬀectively mimicking the competing
motions of the 3rd and 5th harmonics of the mf stimuli
in Experiments 1 and 2. As in our recent experiments on
the OFR and the DVR, the dependent variable was the rel-
ative contrast of the two competing sine waves and we
again report that when the contrast of one exceeded that
of the other, on average, by a factor of almost 2 then the
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one with lower contrast lost its inﬂuence (WTA).
4.1. Methods
Many of the methods and procedures were identical to
those used in Experiment 1, and only those that were diﬀer-
ent will be described here.
4.1.1. Subjects
Three subjects participated; two were authors (FAM,
BMS) and the third was a paid volunteer who was unaware
of the purpose of the experiments (JKM). All had normal
or corrected-to-normal vision. Viewing was binocular for
FAM and BMS, and monocular for JKM (right eye
viewing).
4.1.2. Radial-motion stimuli
The visual images consisted of concentric circular pat-
terns (centered on the screen center) that could have one
of three radial luminance proﬁles in any given trial: (1) a
sum of two sine waves with spatial frequencies in the ratio,
3:5, creating a beat of spatial frequency, f (termed the ‘‘3f +
5f stimulus’’); (2) a pure sine wave with the same spatial
frequency as the 3f component of the 3f + 5f stimulus
(the ‘‘3f stimulus’’); (3) a pure sine wave with the same spa-
tial frequency as the 5f component of the 3f + 5f stimulus
(the ‘‘5f stimulus’’). The successive phase shifts used to gen-
erate the radial-ﬂow motion were always of the same abso-
lute amplitude, which was ¼ of the fundamental
wavelength of the 3f + 5f stimulus, so that the 5f compo-
nent (and the 5f stimulus) underwent ¼-wavelength for-
ward steps whereas the 3f component (and the 3f
stimulus) underwent ¼-wavelength backward steps (cf.,
the 3rd and 5th harmonics of the mf stimuli in Experiments
1 and 2). The spatial frequencies of the 3f and 5f stimuli/
components were carefully selected so as to be of similar
eﬃcacy when of equal contrast, i.e., they elicited RFVRs
of similar amplitude. To make this determination we ﬁrst
obtained spatial-frequency tuning data like those in Exper-
iment 2 using pure sine waves of 32% contrast and then, for
each subject, selected the two spatial frequencies that were
in the ratio, 3:5, and occupied symmetrical locations on
either side of the peak of the best-ﬁt Gaussian: 0.191 and
0.318 cycles/, respectively, for subject BMS; 0.240
and 0.400 cycles/, respectively, for subject FAM; 0.238
and 0.396 cycles/, respectively, for subject JKM. The 3f
and 5f components of the 3f + 5f stimuli could have one
of 17 Contrast Ratios randomly selected from a lookup
table: 0.0625, 0.125, 0.25, 0.3536, 0.5, 0.5946, 0.7071,
0.8409, 1.0, 1.1892, 1.4142, 1.6818, 2.0, 2.8284, 4.0, 8.0,
and 16.0. The total contrast of these 3f + 5f stimuli was
ﬁxed at 32% so that increases in the contrast of one compo-
nent were balanced by decreases in the contrast of the other
component. The contrasts of the pure 3f and 5f stimuli
matched those of the 3f and 5f components, respectively,
of the 3f + 5f stimulus. The entries in the lookup tablefor the 3f stimuli/components were: 1.9%, 3.6%, 6.6%,
8.8%, 11.3%, 12.7%, 14.2%, 15.7%, 17.2%, 18.8%, 20.3%,
21.7%, 23.1%, 25.5%, 27.3%, 29.7%, and 30.9%. The entries
in the lookup table for the 5f stimuli/components were:
30.4%, 29.0%, 26.6%, 24.7%, 22.6%, 21.3%, 20.0%,
18.7%, 17.2%, 15.8%, 14.4%, 12.9%, 11.5%, 9.0%, 6.8%,
3.7%, and 2.0%.
4.1.3. Procedures
These were as in Experiment 1 except that each block of
trials had 102 randomly interleaved stimulus combinations:
3 patterns, each with 17 contrasts (for the pure 3f and 5f
stimuli) or contrast ratios (for the 3f + 5f stimuli), and 2
directions.
4.2. Results
The initial RFVRs elicited by the 3f + 5f stimuli, in
which the 3f and 5f components moved in opposite radial
directions, depended critically on the relative contrast of
those components, the direction of the responses being
determined by the component with the higher contrast.
This can be seen in Fig. 5c, which shows the pooled ver-
gence velocity proﬁles over time obtained from subject
FAM for a range of relative contrasts (indicated by the
contrast ratios, 3f:5f, shown to the right of the traces).
Thus, when the contrast ratio strongly favored the 5f com-
ponent (e.g., 3f:5f = 1:16), the response was strongly posi-
tive (denoting the forward direction) and very similar to
that elicited by the highest-contrast pure 5f stimulus
(Fig. 5a); when the contrast ratio strongly favored the 3f
component (e.g., 3f:5f = 16:1), the response was strongly
negative (denoting the backward direction) and very simi-
lar to that elicited by the highest-contrast pure 3f stimulus
(Fig. 5b). However, most of the changes in the RFVRs
occurred as the contrast ratio ranged from 1:2 to 2:1, sug-
gesting that when the contrasts of the two components dif-
fered by more than an octave the component with the
lower contrast lost much of its inﬂuence.
The pooled change-in-vergence-position measures based
on the data of subject FAM in Fig. 5 are plotted as a func-
tion of contrast in Fig. 6a. The pooled measures for the
pure 3f and 5f sine-wave data in Fig. 6a (orange circles,
green circles) resemble the pure 1f and 3f sine-wave data
for this same subject in Fig. 3c (except that in Fig. 6a the
abscissa is linear rather than logarithmic), and were ﬁtted
with Expression (1): see the orange and green curves in
Fig. 6a. The r2 values for these ﬁts to the pure 3f and 5f
data were 0.969 and 0.983, respectively, indicating that they
provide a very good description of the data: see Table 3 for
the best-ﬁt parameters. The pooled measures for the 3f + 5f
data are plotted twice in Fig. 6a: ﬁrst, as a function of the
contrast of the 5f component (black lines and open
squares), to show how closely they approach the data
obtained with the pure 5f stimuli when the 5f component
had high contrast; second, as a function of the contrast
of the 3f component (grey lines and squares), to show
Fig. 5. The initial RFVRs to competing radial-ﬂow stimuli: dependence on the Contrast Ratio. Traces are pooled mean vergence velocity proﬁles over
time from subject FAM (based on the responses to expansion minus the responses to contraction). (a) Responses to the pure 5f stimuli when the contrast
ranged 2–29%. (b) Responses to the pure 3f stimuli when the contrast ranged 2–31%. (c) Responses to the 3f + 5f stimuli when the Contrast Ratio, 3f:5f,
ranged from 1:16 to 16:1. The numbers to the right of the traces (each adjacent to the relevant peak in the proﬁle) indicate the Contrast or Contrast Ratio.
The two components/stimuli moved in successive ¼-wavelength steps with the 5f moving always in the forward direction and the 3f moving always in the
backward direction. Upward deﬂections denote RFVRs with a positive sign, i.e., in the direction appropriate for the ¼-wavelength forward shifts.
Horizontal dotted lines indicate zero vergence velocity. Note that time on the abscissa starts 30 ms after the occurrence of the ﬁrst step. Each trace is the
mean response to 162–175 repetitions of the stimulus.
Fig. 6. The initial RFVRs to competing radial-ﬂow stimuli: dependence on Contrast Ratio. (a): Pooled mean change-in-vergence-position measures (given
by the responses to expansion minus the responses to contraction) for subject FAM based on the data in Fig. 5; green ﬁlled circles, responses to pure 5f
stimuli as a function of contrast; orange ﬁlled circles, responses to pure 3f stimuli as a function of contrast; black lines/open squares, responses to 3f + 5f
stimuli as a function of the contrast of the 5f component; gray lines/ﬁlled squares, responses to 3f + 5f stimuli as a function of the contrast of the 3f
component; green and orange curves, best-ﬁt Naka–Rushton functions (Expression (1)); black dotted line, the vector sum prediction (given by the sum of
the responses to pure 3f and 5f stimuli with contrasts corresponding to those of the 3f and 5f components of the 3f + 5f stimuli). (b) Response Ratio
(computed from Expression (2) using the pooled mean change-in-vergence-position measures) as a function of the Contrast Ratio, 3f/5f; black lines/ﬁlled
circles, subject FAM (162–175 trials per condition); blue lines/open squares, subject JKM (163–195 trials per condition); red lines/open circles, subject
BMS (123–133 trials per condition); black/blue/red curves are best-ﬁt Cumulative Gaussian functions (SDs given in the key, log10).
2648 Y. Kodaka et al. / Vision Research 47 (2007) 2637–2660
Table 3
The initial RFVR response to pure sine-wave stimuli: dependence on contrast (Experiment 3)
Rmax c50 n r
2
3f BMS 0.065 2.4 0.96 0.920
FAM 0.077 2.9 2.08 0.969
JKM 0.053 6.4 1.23 0.906
Mean ± SD 0.065 ± 0.012 3.9 ± 2.2 1.42 ± 0.58 0.932 ± 0.033
5f BMS 0.069 2.9 1.04 0.961
FAM 0.093 4.4 1.24 0.983
JKM 0.044 4.3 2.08 0.834
Mean ± SD 0.069 ± 0.025 3.9 ± 0.8 1.45 ± 0.55 0.926 ± 0.080
Parameters of the best-ﬁt Naka–Rushton functions (given by Expression (1)). Rmax is the maximum attainable response, c50 is the semi-saturation contrast
(at which the response has half its maximum value), and n is the exponent that sets the steepness of the curves.
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3f stimuli when the 3f component had high contrast. Thus,
the data obtained with the 3f + 5f stimuli show a sigmoidal
dependence on contrast in Fig. 6a, and deviate substan-
tially from a simple linear prediction based on the vector
sum of the responses to pure 3f and 5f stimuli of matching
contrasts: see the dotted black line (labeled, ‘‘vector sum’’)
in Fig. 6a, which is plotted with respect to the contrast of
the 5f component.
To quantify the transition from dominance by one com-
ponent to dominance by the other component more clearly,
we computed the Response Ratio of Sheliga et al. (2006c)
using the following expression:
R3f 5f  R3f
R5f  R3f ð2ÞTable 4
The initial RFVR to the 3f5f stimuli with conﬂicting components:
dependence of the Response Ratio on the Contrast Ratio (Experiment 3)
SD r2 5% 95%
BMS 0.13 0.996 2.15 0.78
FAM 0.18 0.998 2.30 0.60
JKM 0.16 0.983 2.49 0.72
Mean ± SD 0.16 ± 0.02 0.992 ± 0.008 2.31 ± 0.17 0.70 ± 0.09
Parameters of the best-ﬁt Cumulative Gaussian functions. ‘‘5%’’ and
‘‘95%’’ are the Contrast Ratios when the best-ﬁt function has values of
0.05 and 0.95, respectively.where R3f5f is the mean response to the 3f + 5f stimulus
when the 3f and 5f components have particular contrast
values, and R3f and R5f are the mean responses to pure 3f
and 5f stimuli with contrasts matching those values. To
the extent that the response to a given 3f + 5f stimulus is
determined exclusively by the 5f component (i.e.,
R3f5R5f), the value of the numerator in Expression (2) will
approach the value of the denominator and the Response
Ratio will therefore approach unity. To the extent that
the response to a given 3f + 5f stimulus is determined exclu-
sively by the 3f component (i.e., R3f5fR3f), the value of
the numerator in Expression (2) will approach zero and
the Response Ratio will therefore also approach zero.
The Response Ratios of subject FAM based on the pooled
3f + 5f response measures in Fig. 6a have been plotted in
Fig. 6b (in black line and ﬁlled circles) as a function of
the Contrast Ratio, 3f/5f, on a log abscissa. It is now clear
that for Contrast Ratios less than 0.5, the 5f component
was almost totally dominant and for contrast ratios greater
than 2, the 3f component was almost totally dominant.
Thus, when the Contrast Ratio was high or low only one
component was eﬀective (WTA) and the transition from
one extreme to the other was rather abrupt. The
Response-Ratio data obtained from the other two subjects
with the 3f + 5f stimuli showed very similar nonlinear
dependencies on the Contrast Ratio with relatively abrupttransitions between the zero and unity extremes: see the red
lines/circles (subject BMS) and blue lines/squares (JKM) in
Fig. 6b.
To obtain a quantitative estimate of the abruptness of
the transitions in Fig. 6b, the data were ﬁtted with Cumu-
lative Gaussian functions using a least squares criterion:
see the smooth curves in Fig. 6b, the parameters of which
are listed in Table 4. The r2 values for these ﬁts averaged
0.992, indicating that they provide a very adequate descrip-
tion of these data. The amplitudes of the Cumulative Gaus-
sians ranged from 0.948 to 1.017 (mean, 0.97) and their
Standard Deviations (SDs) ranged from 0.13 to 0.18
(mean, 0.16). We also wanted to obtain a quantitative esti-
mate of how diﬀerent the contrasts of the two components
of the 3f + 5f stimuli had to be for one of the components
to eﬀectively lose its inﬂuence. For this we used the Cumu-
lative Gaussian functions to identify a Transition Zone,
which we deﬁned as the range of Contrast Ratios over
which the Response Ratio ranged from 0.05 to 0.95: see
the ‘‘5%’’ and ‘‘95%’’ listings in Table 4. On average, based
on the mean 5% value and the reciprocal of the mean 95%
value, this Transition Zone extended from 0.70 to 2.31,
indicating that a 1.9-fold diﬀerence in contrast generally
suﬃced for the sine wave with the lower contrast to eﬀec-
tively lose its inﬂuence on the RFVR.4.3. Discussion of Experiment 3
When concentric circular patterns with the radial lumi-
nance proﬁles of two superimposed sine waves of diﬀerent
spatial frequency were subject to radial motion in opposite
Fig. 7. The initial RFVRs to competing radial-ﬂow stimuli: response distributions near the center of the Transition Zone (sample data from subject
FAM). (a) Distributions of the change-in-vergence-position measures (n = 170–173) when (i) pure 3f stimuli of contrast 18.75% underwent ¼-wavelength
contractions (orange plot, labeled C3f), (ii) pure 5f stimuli of contrast 15.8% underwent ¼-wavelength expansions (green plot, labeled E5f), (iii) 3f+5f
stimuli whose component contrasts matched those of the pure sine-wave stimuli underwent corresponding ¼-wavelength contractions/expansions (grey
plot, labeled C3f + E5f). (b) Histogram of the simulated ‘‘C3f + E5f’’ distribution obtained by summing the measured distributions for the pure C3f stimuli
and the pure E5f stimuli when weighted in accordance with the measured Response Ratio of 0.50 (blue plot, labeled ‘‘C3f + E5f’’); the distributions
actually obtained with the C3f + E5f stimuli are replotted here to facilitate easy comparison (grey plot, labeled C3f + E5f). Histograms were binned using
custom Matlab subroutines in which the optimal bin width for each individual distribution was given by 2(IQR)N1/3, where IQR is the interquartile
range (the 75th percentile minus the 25th percentile) and N is the number of samples. The sole exception to this was the ‘‘simulated’’ distribution in b, for
which the bin width was made the same as for the ‘‘real’’ distribution in b. Smooth curves are best-ﬁt Gaussian functions (orange line, C3f; green line, E5f;
black line, C3f + E5f).
4 Note these data are based on the individual change-in-vergence-
position measures and not the pooled measures.
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relative contrasts of those two competing sine waves, and
this dependence was highly nonlinear, involving a relatively
abrupt transition from dominance by one sine wave to
dominance by the other: WTA. On average, the dominance
was essentially complete with a 1.9-fold diﬀerence in con-
trast, which is very close to the 1.8-fold and 2.2-fold diﬀer-
ences in contrast that our previous studies showed were
suﬃcient to render the OFR and the vertical DVR, respec-
tively, unresponsive to the component with the lower con-
trast (Sheliga et al., 2006c, 2007).
Like previous authors who used competing motions and
described WTA performance (Ferrera, 2000; Ferrera &
Lisberger, 1995, 1997; Recanzone & Wurtz, 1999; Sheliga
et al., 2006c, 2007), we attribute it to mutual inhibition
between the neural channels sensing the two competing
stimuli, here centrifugal and centripetal radial ﬂow. When
the Contrast Ratio is outside the Transition Zone, clear
WTA prevails and the postulated mutual inhibition would
have to be suﬃciently powerful for the RFVR to be driven
exclusively by only one of the two components. However, it
was possible that a WTA situation also prevailed within the
Transition Zone. For example, a mean Response Ratio of
0.5 might have resulted because vergence eye movements
were eﬀectively driven exclusively by the 5f component in
half of the trials and exclusively by the 3f component in
the other half of the trials. If this were the case, then we
would expect the distributions of the individual vergence
responses to a given 3f + 5f stimulus to be bimodal inside
the Transition Zone and unimodal outside. In examining
this issue we will ﬁrst consider an example of a response
distribution near the center of the Transition Zone when
the competing sine waves were of similar contrast (3f com-
ponent—18.75%; 5f component—15.8%). The three histo-
grams in Fig. 7a show the distributions of the initialRFVRs obtained from subject FAM when (1) pure 3f stim-
uli of 18.75% contrast underwent contractions (orange
plot, C3f), (2) pure 5f stimuli of 15.8% contrast underwent
expansions (green plot, E5f), and (3) the 3f and 5f compo-
nents of the 3f + 5f stimuli had these same contrasts and
underwent these same radial motions (gray plot, C3f +
E5f).4 The best-ﬁt Gaussians for those three distributions
are shown in continuous thick line and have r2 values of
0.83, 0.85 and 0.91, respectively, indicating that all were
unimodal. Further, the SDs of these distributions (0.026,
0.023, 0.023, respectively) were not signiﬁcantly diﬀerent
on the Fischer test (and diﬀer only slightly from the SDs of
the best-ﬁt Gaussians listed in Fig. 7). This suggests that
the WTA situation does not operate in the Transition
Zone, and in order to conﬁrm this we ran a simulation.
For this, we ﬁrst used the mean responses to the three stim-
uli and Expression (2) to estimate the Response Ratio
(0.50), and then simulated the response distribution pre-
dicted by the WTA model for the 3f + 5f stimuli by sum-
ming the response distributions obtained with the pure
C3f and E5f stimuli, weighted in accordance with this
Response Ratio: see the blue histogram in Fig. 7b labeled,
‘‘C3f + E5f’’. It is clear from this that the simulated ‘‘C3f
+ E5f’’ response distribution was indeed bimodal and
extended well beyond the extremes of the real unimodal
C3f + E5f response distribution, which is replotted in
Fig. 7b (in grey/black) to facilitate the comparison. The
diﬀerences between the distributions of the ‘‘real’’ and the
‘‘simulated’’ responses in Fig. 7b were signiﬁcant at the
0.01 level on the Kolmogorov–Smirnov two-sample test.
The data in Fig. 7 were typical of the response distributions
at the center of the Transition Zone obtained from all three
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the distributions of those responses to the dual-grating
3f + 5f stimuli for which the Response Ratio was closest
to 0.5 (the center of the Transition Zone) ranged from
0.873 to 0.971 (mean, 0.929). Further, in all (12/12) cases,
the SDs of the 3f + 5f distributions near the center of the
Transition Zone were not signiﬁcantly diﬀerent from the
SDs of the distributions for which the Response Ratios
were closest to zero or unity (Fischer test). Finally, when
the Response Ratios were closest to 0.5, the distributions
of the ‘‘real’’ and the ‘‘simulated’’ responses to the
3f + 5f stimuli for the data obtained from two out of three
subjects were signiﬁcantly diﬀerent (p < .01; Fischer test).
For the third subject (JKM) the ‘‘simulated’’ distributions
also tended to be broader than the ‘‘real’’ ones, but only by
2% and 16% for expanding and contracting stimuli, respec-
tively, and these diﬀerences were not statistically
signiﬁcant.5
These ﬁndings indicate that vector sum/averaging pre-
vails near the center of the Transition Zone and WTA pre-
vails outside this Zone, in line with our previous ﬁndings
on the OFR and DVR (Sheliga et al., 2006c, 2007). These
previous studies were able to fully account for the nonlin-
ear behavior using a Contrast-Weighted-Average model
with just two free parameters (cf., Krommenhoek & Wie-
gerinck, 1998; McGowan, Kowler, Sharma, & Chubb,
1998; Port & Wurtz, 2003; Recanzone & Wurtz, 1999).
We tried this same approach on our present data by deter-
mining how well the 3f + 5f data like those in Fig. 6a
(describing the dependence of the pooled change-in-
vergence-position measures on the contrast of the 5f
component) were ﬁtted by the following Contrast-
Weighted-Average model:
~R3f 5f ¼
C3f
 n3f
C3f
 n3f þ C5f
 n5f ~R3f
þ C5f
 n5f
C3f
 n3f þ C5f
 n5f ~R5f ð3Þ
where ~R3f 5f is the simulated RFVR to a given 3f + 5f stim-
ulus whose two components have contrasts of C3f and C5f ,
respectively; ~R3f and ~R5f are the pooled RFVR measures to
pure 3f and 5f stimuli, respectively, with contrasts of C3f
and C5f , respectively; n3f and n5f are two free parameters
that reﬂect the eﬃcacies of the 3f and 5f components,
respectively, of the given 3f + 5f stimulus and thereby
determine the abruptness of the transition. The least
squares best-ﬁt values of the n3f and n5f parameters,
together with the r2 values indicating the goodness of the
ﬁts, for all of the 3f + 5f data like those in Fig. 6a are listed
for all three subjects in Table 5 (left-hand columns). The r2
values ranged from 0.986 to 0.998, indicating that Eq. (3)5 The SDs of the response distributions of subject JKM were—in
absolute terms—twice those of the other two subjects, i.e., the data were
much noisier, perhaps accounting for the lack of signiﬁcance between the
‘‘simulated’’ and ‘‘real’’ distributions in this subject.provided a very good and complete description of the data.
The exponents provide an estimate of the strengths of the
mutual inhibition between the two sine waves, and aver-
aged 4.09 (n5f) and 4.71 (n3f). The values of these exponents
for the OFR data were 5.43 and 5.20 (Sheliga et al., 2006c),
and for the vertical DVR data were 3.40 and 2.99 (Sheliga
et al., 2007). In summary, the Contrast-Weighted-Average
model, with only two free parameters, provided a very
good description of our data and a quantitative estimate
of the strength of the nonlinear interactions.
We also ﬁtted the data like those in Fig. 6a with a
Response-Weighted-Average model in which vergence
response measures were substituted for the contrast values
in Eq. (3) . With a mean r2 value of 0.851 (see the right-
hand columns in Table 5), this model never provided as
good a ﬁt to the data as the Contrast-Weighted-Average
model, though in the case of subject FAM it came very
close (r2 = 0.968); in the case of subject JKM it was far
short (r2 = 0.687). Thus, only the Contrast-Weighted-
Average model provided a good ﬁt to all of the data, con-
sistent with nonlinear interactions between the mechanisms
sensing the competing motions, i.e., interactions at the sen-
sory—rather than the motor—level.
These nonlinear interactions between the neural mecha-
nisms sensing competing motion stimuli would be expected
to inﬂuence the data obtained with the mf stimuli in Exper-
iments 1 and 2, perhaps contributing to the dominance of
the 3rd harmonic over the 5th harmonic. The diﬀerence
in their contrasts (the 5th was 40% less than the 3rd) would
not be suﬃcient for the 3rd harmonic to totally suppress
the 5th but might help to explain why removal of the 5th
harmonic had less inﬂuence on the RFVR than expected.
The 7th harmonic of the mf, on the other hand, has a con-
trast that is only 43% of that of the 3rd harmonic, hence,
the latter might be expected to largely suppress the inﬂu-
ence of that 7th harmonic, perhaps explaining why removal
of the 7th harmonic sometimes had little inﬂuence in two of
our three subjects (JRC, FAM): note the often minor dif-
ferences between the mf-5 and mf-5&7 data in Fig. 4a, C.
Of course, the 7th harmonic moves in the same direction
as the 3rd—both are 4n-1 harmonics—and we have not
attempted to determine if there are nonlinear interactions
between the neural mechanisms sensing the motions of
two diﬀerent harmonics that are in the same direction.
Interestingly, our previous study on the OFR did include
such a condition—two competing sine waves with spatial
frequencies in the ratio, 3:7, so that the motions of the
two harmonics were in the same direction—and revealed
nonlinear competitive interactions that were very similar
to those seen when the two motions were in opposite direc-
tions (Sheliga et al., 2006c).
The postulated mutual inhibition between channels sub-
serving opposite directions of motion is often termed,
‘‘motion opponency’’, and has substantial supporting evi-
dence from psychophysical studies (Levinson & Sekuler,
1975; Mather & Moulden, 1983; Qian, Andersen, & Adel-
son, 1994; Stromeyer, Kronauer, Madsen, & Klein, 1984;
Table 5
The initial RFVR to the 3f5f stimuli with conﬂicting components: dependence of the horizontal change-in-vergence-position measures on the relative
contrast of the 3f and 5f components (Experiment 3)
Contrast-Weighted-Average Response-Weighted-Average
n3f n5f r
2 n3f n5f r
2
BMS 5.35 4.57 0.995 21.79 21.92 0.897
FAM 3.85 3.53 0.998 16.02 16.04 0.968
JKM 4.93 4.18 0.986 5.34 5.24 0.687
Mean ± SD 4.71 ± 0.77 4.09 ± 0.53 0.993 ± 0.006 14.38 ± 8.34 14.40 ± 8.46 0.851 ± 0.146
Parameters of the best-ﬁt Contrast-Weighted-Average model (given by Expression (3)) and the best-ﬁt Response-Weighted-Average model (in which
vergence response measures were substituted for the contrast values in Expression (3)). n3f and n5f are two free parameters that reﬂect the eﬃcacies of the 3f
and 5f components, respectively.
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ro, & Kronauer, 1998), functional magnetic resonance
imaging (Heeger, Boynton, Demb, Seidemann, & New-
some, 1999) , and single unit recordings in area MT (Brad-
ley, Qian, & Andersen, 1995; Mikami, Newsome, & Wurtz,
1986; Qian & Andersen, 1994; Rodman & Albright, 1987;
Rust, 2004; Snowden, Treue, Erickson, & Andersen,
1991) and area V1 (Rust, 2004; Rust, Schwartz, Movshon,
& Simoncelli, 2005). Interestingly, Rust (2004) concluded
that MT inherited motion opponency from V1.
In order for the postulated inhibition generated by the
higher contrast component to totally suppress even the ear-
liest vergence responses generated by the lower contrast
component, the former must have the shorter latency.
There is considerable evidence that higher contrast stimuli
elicit activity in striate cortex (V1) at shorter latencies than
do low contrast stimuli (e.g., Albrecht, 1995; Albrecht
et al., 2002; Carandini & Heeger, 1994; Carandini, Heeger,
& Movshon, 1997; Gawne, Kjaer, & Richmond, 1996). We
examined this issue by comparing the latencies of the
RFVRs to the highest contrast 3f stimuli with those to
the lowest contrast 5f stimuli (and vice versa), as well as
the latencies of the RFVRs to the second-highest contrast
3f stimuli with those to the second-lowest contrast 5f stim-
uli (and vice versa). These stimulus pairs corresponded to
the components of the dual-grating stimuli that showed
the most robust WTA responses and revealed a strong ten-
dency for the RFVRs to the grating with the higher con-
trast to have the lower latency (on average, by 18 ms),
though there was one exception (1 out of 12 pairs). This
is again consistent with the idea that the nonlinear interac-
tions occur early in the visuomotor pathways.
From the functional viewpoint, it has been suggested
that motion opponency will improve noise immunity and
increase directional selectivity (Born & Bradley, 2005; Qian
et al., 1994). Also, in recent neuronal models of motion
processing, motion opponency makes an important contri-
bution to the pattern selectivity evident in some MT neu-
rons (Rust, Mante, Simoncelli, & Movshon, 2006). The
previous studies that demonstrated WTA behavior in the
OFR (Sheliga et al., 2006c) and the DVR (Sheliga et al.,
2007) when the competing stimuli had opposite signs
argued that the strong preference given to the images with
higher contrast would give objects in the plane of ﬁxationan advantage: because of accommodation, the retinal
images of objects in the plane of ﬁxation will tend to be bet-
ter focused—and hence tend to have higher contrasts—
than those of objects in other depth planes. It was pointed
out that this would be in line with earlier studies, which
showed that when random-dot stimuli are used, the OFR
is eﬀectively disabled by—and the DVR is unresponsive
to—binocular disparities of more than a few degrees
(Busettini, Fitzgibbon, & Miles, 2001; Masson et al.,
2001; Yang, FitzGibbon, & Miles, 2003; Yang & Miles,
2003), suggesting that, in everyday conditions, these
reﬂexes will have a strong preference for objects in the
immediate vicinity of the plane of ﬁxation and will tend
to ignore objects in other depth planes. This same reason-
ing could be applied to the RFVR but it is not clear how
favoring images moving in the plane of ﬁxation would nec-
essarily operate to this system’s advantage.5. Experiment 4: The RFVRs to single radial-ﬂow steps and
their dependence on an ISI
In a recent study we used a two-frame movie to elicit
OFRs and showed that brief ISIs reversed the initial direc-
tion of the OFR (Sheliga et al., 2006a). This was reminis-
cent of other studies that had reported reversal of
perceived motion by brief ISIs and had attributed it to
the temporal dynamics of the early visual pathway (Pantle
& Turano, 1992; Shioiri & Cavanagh, 1990; Strout, Pantle,
& Mills, 1994; Takeuchi & De Valois, 1997; Takeuchi, De
Valois, & Motoyoshi, 2001), invoking the negative phase of
the well-known biphasic temporal impulse response func-
tion of the human visual system (Watson, 1986). Our ﬁnd-
ings were consistent with the idea that the initial OFR is
mediated by mechanisms that sense motion-energy and
receive a visual input whose temporal impulse response
function is strongly biphasic. In Experiment 4 of the pres-
ent study we elicited the RFVR by applying single radial-
ﬂow steps to concentric circular patterns whose radial
luminance modulation was that of a missing fundamental
or a pure sine wave and recorded the eﬀect of introducing
a brief ISI. In the absence of an ISI, such transient radial-
ﬂow stimuli were almost without eﬀect, but ISIs within the
range 10–100 ms brought out signiﬁcant RFVRs that were
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Experiments 1–3.5.1. Methods
Most of the methods and procedures were identical to
those used in Experiment 1, and only those that were diﬀer-
ent will be described here.5.1.1. Radial-motion stimuli
The visual images consisted of concentric circular pat-
terns (centered on the screen center) that could have one
of three radial luminance proﬁles in any given trial, exactly
as in Experiment 1 (mf, 1f, and 3f radial stimuli), but the
radial motion was restricted to a single ¼-wavelength shift,
i.e., a two-image movie, with an intervening ISI during
which the screen was blank and had the same mean
(space-averaged) luminance as when the patterns were
present (42.6 cd/m2). The ﬁrst image was present, as usual,
for a randomized period of 750–1000 ms starting from the
time the eyes ﬁrst entered the windows centered on the ﬁx-
ation spots, and the second image was present for 200 ms.
The binocular ﬁxation spots remained visible until the end
of the ISI when the step of radial motion occurred. All pat-
terns had a contrast of 32% (speciﬁed with respect to the
3rd harmonic in the case of the mf stimulus). The spatial
frequencies of the patterns and the magnitudes of the
radial-ﬂow steps were exactly as in Experiment 1 so that
all steps had the same absolute amplitude (1.5), which cor-Fig. 8. The initial RFVRs to single ¼-wavelength radial-ﬂow steps: eﬀects of an
of the two images appeared after ISIs of 0 ms (thin traces) and 30 ms (thick tra
contraction steps in dashed line. (a) 1f stimulus (wavelength, 6). (b) mf stimulu
were 1.5, resulting in ¼-wavelength steps that were in the forward direction wi
In our convention, the compensatory response to expansion (contraction) is c
upward (downward) deﬂections of the traces. Horizontal lines indicate zero
appearance of the 2nd image. Contrast was 32% for the pure sinusoids and for t
87 repetitions of the stimulus. Conv, convergence; Div, divergence.responded to a ¼-wavelength phase shift for the 1f and mf
stimuli and a 3/4-wavelength phase shift for the 3f stimuli
(and the 3rd harmonic of the mf stimuli). The dependent
variable was the ISI, which could have one of 9 durations
randomly selected from a lookup table: 0, 10, 20, 30, 40, 60,
100, 160, 200 ms.5.1.2. Procedures
These were as in Experiment 1 except that each block of
trials had 54 randomly interleaved stimulus conditions: 3
patterns (1f, 3f, mf), 9 ISIs, and 2 directions of radial
motion.5.2. Results
In the absence of an ISI, the RFVRs to single radial-
ﬂow steps were always very weak, sometimes to the extent
that they were indistinguishable from the baseline noise.
This is apparent from the thin traces in Fig. 8, which show
sample mean vergence velocity proﬁles obtained from sub-
ject NPB with each of the three stimulus patterns: the con-
tinuous traces were obtained with expansion steps, and the
dashed traces were obtained with contraction steps. A brief
ISI brought out clear RFVRs but these were always in the
opposite direction to those recorded in Experiments 1–3.
This is apparent from the thick traces in Fig. 8, which were
obtained with an ISI of 30 ms: the RFVRs to expansion
steps (continuous lines) were divergent with the 1f stimulus
and convergent with the mf and 3f stimuli, while theISI (mean vergence velocity proﬁles over time from subject NPB). The 2nd
ces), with responses to expansion steps in continuous line and responses to
s (fundamental wavelength, 6). (c): 3f stimulus (wavelength, 2). All steps
th the 1f and mf stimuli and in the backward direction with the 3f stimulus.
onvergence (divergence), which has a positive (negative) sign denoted by
vergence velocity. Note that time on the abscissa starts 40 ms after the
he 3f component of the mf stimulus. Each trace is the mean response to 76–
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verse directions. These response proﬁles in Fig. 8 can be
directly compared with those from Experiment 1 shown
in Fig. 2, which have the same general layout and were
obtained from the same subject with the same stimulus pat-
terns and the same ¼-wavelength radial-ﬂow steps, albeit
using multiple steps (and zero ISIs).
That these sample data were representative is evident
from Fig. 9a–c, which shows the dependence of the pooled
change-in-vergence-position measures on the ISI for all
(three) stimulus patterns for each of the (three) subjects.
With 0-ms ISI, these pooled measures could be quite small
but, except for the responses of subject BMS to the 1f and
mf stimuli, they were nonetheless signiﬁcantly diﬀerent
from zero (p < .05, t-test) and had the same sign as those
to (multiple) radial-ﬂow steps in Experiments 1–3, i.e., neg-
ative with the 3f (closed black circles) and mf (red squares)
stimuli, and positive with the 1f stimuli (open blue circles).
With ISIs of 10–60 ms, the pooled RFVR measures were
generally opposite in sign to those in Experiments 1–3,
i.e., pooled measures were positive with the 3f and mf stim-
uli, and negative with the 1f stimuli. All pooled measures
peaked with ISIs in the range 20–40 ms and then declined
thereafter, generally approaching zero as the ISI reached
100–200 ms. The pooled measures obtained with the mf
stimuli invariably fell short of those obtained with the 3f
stimuli, consistent with the ﬁndings in Experiment 1 when,
as here, the contrast was high (32%).
The ISI data of the three subjects are plotted as average
normalized measures in Fig. 9d (symbols linked by contin-
uous lines). For this, the pooled measures of each subject
were ﬁrst normalized with respect to the measures obtained
with the 3f stimuli using the 20-ms ISI, and then means and
SDs were computed for the three subjects for each ISI.
Note that the plots shown in dotted lines in Fig. 9d are
the corresponding average normalized measures for the
OFR data of Sheliga et al. (2006c), which will be used later
for comparison purposes.5.3. Discussion of Experiment 4
The RFVRs to single radial-ﬂow steps when the ISI was
zero were sometimes extremely weak but ISIs of 20–40 ms
brought out clear vergence responses that were always in
the reverse direction of those induced when (multiple)
radial-ﬂow steps were applied to the same stimulus patterns
without an ISI. These ﬁndings are very similar to those in a
previous report in which brief ISIs reversed the OFRs to
single-step motion stimuli: see the plots in dotted line in
Fig. 9d, which are based on those OFR data (Sheliga
et al., 2006a).6 In this earlier study on the OFR we cited6 In our original report documenting the dependence of the OFR on an
ISI (Sheliga et al., 2006c) we used peak response measures. For the present
comparison, we re-analyzed those OFR data using the same response
measures and methodology as in the present study, except that the
measurement time window was 60–120 ms.many earlier reports that had described reversals of per-
ceived motion by ISIs (Bex & Baker, 1999; Boulton &
Baker, 1993; Georgeson & Harris, 1990; Pantle & Turano,
1992; Shioiri & Cavanagh, 1990; Strout et al., 1994; Takeu-
chi & De Valois, 1997), and pointed out that the consensus
from those studies was that with ISIs of less than 100 ms
the perceived motion depended on 1st-order energy-based
mechanisms, whereas any perceived motion with longer
ISIs depended on higher-order feature-based mechanisms.
Thus, the reversal of the OFR with short ISIs in our previ-
ous study was seen as consistent with mediation by detec-
tors sensitive to 1st-order motion energy and we now
draw this same inference from the reversal of the RFVRs
in the present study. Our previous study also pointed out
that most authors attributed the reversals of perceived
motion with short ISIs to the temporal dynamics of the
visual input reaching the motion detectors, i.e., to the neg-
ative phase of the biphasic temporal impulse response
(Watson, 1986), and we also advanced this as the basis
for the ISI-induced reversal of the OFR. In this scheme,
the polarity of the visual responses reaching the underlying
motion detectors was assumed to undergo reversal during
the ISI, so that the neural representation of the 2nd
image—whose appearance marked the onset of motion—
was matched to a representation of the 1st image that
had undergone (transient) reversal during the ISI. This
180 phase shift in the neural representation of the 1st
image meant that the ¼-wavelength diﬀerence between
the 1st and 2nd stimuli would be seen as a 90 phase shift
in one direction when there was no ISI and as a 90 phase
shift in the opposite direction when there was a brief ISI.
Our present RFVR data are very similar to our earlier
OFR data and we again invoke the biphasic temporal
impulse response to explain them.
6. General discussion
6.1. The RFVR is one of a family of three visually mediated
oculomotor reﬂexes
Earlier studies suggested that the OFR, DVR and
RFVR constitute a family of reﬂexes that combine to assist
in the visual stabilization of the gaze of the moving obser-
ver and pointed out a number of shared features in addi-
tion to their ultra-short latency, such as post-saccadic
enhancement, dependence on the pree¨xisting vergence
angle, and—in monkeys at least—mediation by MST: for
review see Miles (1998), Miles et al. (2004) and Takemura
et al. (2007). The present paper has described some funda-
mental characteristics of the RFVR that further extend the
list of attributes shared with the OFR and DVR: In Exper-
iments 1 and 2, broadband stimuli indicated a strong
dependence on the Fourier composition of the stimulus
consistent with sensitivity to the ﬁrst-order luminance char-
acteristics of the stimulus (cf., Sheliga et al., 2005a, 2006b);
in Experiment 3, dual-grating stimuli with competing
motions indicated the existence of powerful nonlinear
Fig. 9. The initial RFVRs to single radial-ﬂow steps: dependence on an ISI (pooled mean change-in-vergence-position measures for each of 3 subjects
based on their responses to expansion minus their responses to contraction). Three stimuli were used: 1f stimuli of wavelength 6 (open blue circles/lines),
mf stimuli of fundamental wavelength 6 (open red squares/lines), and 3f stimuli of wavelength 2 (closed black circles/lines). All steps were 1.5, resulting
in ¼-wavelength steps that were in the forward direction with the 1f and mf stimuli and in the backward direction with the 3f stimulus. In our convention,
the compensatory response to expansion (contraction) is convergence (divergence), which has a positive (negative) sign, so that the pooled measures
(expansion minus contraction) are positive (negative) when the RFVRs are in accord with stimuli in the forward (backward) direction. Contrast was 32%
for the pure sinusoids and for the 3f components of the mf stimuli. (a) Subject NPB (76–88 trials per condition; SDs ranged from 0.014–0.024). (b) Subject
BMS (97–105 trials per condition; SDs ranged from 0.013–0.032). (c) Subject FAM (103–222 trials per condition; SDs ranged from 0.016–0.024). (d)
Average normalized data for the 3 subjects; symbols/continuous lines, RFVR data; dashed lines, OFR data of Sheliga et al. (2006a).
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detectors sensing the competing stimuli (cf., Sheliga et al.,
2006c, 2007); in Experiment 4, brief ISIs reversed the
RFVR elicited by two-image movies consistent with the
idea that the underlying motion detectors receive visualinputs whose impulse response is biphasic (cf., Sheliga
et al., 2006a). Implicit in all of our thinking about these
data is that, although all are motor responses, they directly
reﬂect the detailed properties of the low-level sensory detec-
tors mediating those responses and eﬀectively provide a
7 Most of the experiments in the study of Sheliga et al. (2006c) varied the
contrast of the 3f component while ﬁxing the contrast of the 5f component
at a given value, but some controls were carried out with ﬁxed total
contrast, as in the present study, and it is these OFR data that we have
used for the comparison. The total contrast was ﬁxed at 32% in both the
OFR and RFVR studies but the spatial frequencies diﬀered slightly: the 3f
components were 0.191, 0.240, and 0.238 cycles/ for the 3 subjects in the
present study, and were 0.196 cycles/ for all subjects in the OFR study.
8 The contrast was 32% in both studies but the spatial frequencies
diﬀered slightly: the 3f components were always 0.5 cycles/ in the present
study, and were always 0.458 cycles/ in the OFR study.
2656 Y. Kodaka et al. / Vision Research 47 (2007) 2637–2660window onto the early cortical processing of visual motion
(OFR, RFVR) and binocular disparity (DVR).
6.2. Do the RFVR and OFR share the same local-motion
detectors?
We were interested in the possibility that the RFVR and
the OFR share these fundamental visual characteristics
because they are mediated by the same low-level, local-
motion detectors. If this was the case then one might expect
that the similarities between the two reﬂexes would be not
only qualitative—as indicated above—but also quantita-
tive. We therefore undertook a quantitative comparison
between our present RFVR data and our previously pub-
lished OFR data (Sheliga et al., 2005a, 2006a, 2006c),
which were obtained with very similar methodology so that
parameters such as ﬁeld size, luminance, contrast, spatial
frequency, frame rate, pixel resolution, and grey scale res-
olution were generally very similar; we will indicate when
this was not the case.
6.2.1. Dependence on contrast
The parameters of the 1f, 3f and mf stimuli used to
examine the dependence on contrast in Experiment 1 were
very similar to those used in our earlier analogous study on
the OFR (Sheliga et al., 2005a). In both studies, all of the
data were well represented by the Naka–Rushton equation
(r2 > 0.91 in all cases), and the two deﬁning parameters, c50
and n, were invariably higher for the OFR but only by a
very small margin. Thus, the mean c50 values for the RFVR
vs. OFR data were 2.2% vs. 4.0% (1f), 3.2% vs. 5.7% (3f),
and 1.5% vs. 3.0% (mf). A t-test indicated that the diﬀer-
ence was signiﬁcant (p < 0.05) only for the 1f data. The
mean n values for the RFVR vs. OFR data were 1.84 vs.
2.13 (1f), 1.36 vs. 1.67 (3f), and 2.25 vs. 3.34 (mf), and a
t-test indicated that the diﬀerence was signiﬁcant
(p < 0.05) only for the mf data. There were some small
methodological diﬀerences between the RFVR and OFR
studies that might have contributed to these slight diﬀer-
ences in the two data sets: the viewing distance (333 vs.
457 mm, respectively) and the image refresh rate (50 vs.
100 Hz, respectively). Note that the analogous DVR data
were markedly diﬀerent from these OFR and RFVR data,
the mean c50 value (18%) being higher and the mean n value
(1.08) being lower (Sheliga et al., 2006b).
6.2.2. Dependence on spatial frequency
Experiment 2 of the present study, which was concerned
with the dependence of the RFVR on spatial frequency,
used stimuli whose contrast was only 4%, whereas our ear-
lier analogous study on the OFR (Sheliga et al., 2005a)
used stimuli whose contrast was 32%, rendering quantita-
tive comparisons between the two data sets problematic.
For this reason, we repeated part of Experiment 2 on three
subjects, using the same methodology with pure sine-wave
gratings whose contrast was 32%. The spatial frequency
tuning curves from these new experiments were well ﬁt bya Gaussian function when plotted on a log abscissa
(r2 > 0.92 in all cases) and the parameters of those func-
tions are included at the bottom of Table 2. We then used
these new RFVR data for the comparison with the pure
sine-wave OFR data whose spatial-frequency tuning curves
were also well ﬁt by a Gaussian function when plotted on a
log abscissa (r2 > 0.98 in all cases). The best-ﬁt Gaussians
for the OFR and RFVR data had mean SDs (r) of 0.51
and 0.60 log units (base 10), respectively, and mean peak
spatial frequencies (fo) of 0.24 and 0.29 cycles/, respec-
tively. Clearly, the diﬀerences between the OFR and RFVR
parameters were quite small and a t-test indicated that they
were not signiﬁcant (p > 0.05).6.2.3. Nonlinear interactions with competing stimuli
The parameters of the 3f5f stimuli used in Experiment 3
were very similar to those included as a control in an anal-
ogous study on the OFR (Sheliga et al., 2006c), permitting
a direct comparison of the resultant data.7 Both studies
quantiﬁed their ﬁndings by computing a Response Ratio,
which was then plotted as a function of the Contrast Ratio
and was well ﬁt by a cumulative Gaussian function
(r2 > 0.98 in all cases). The SDs of the best-ﬁt cumulative
Gaussian functions for the OFR and RFVR data were very
similar, averaging 0.15 (range, 0.13–0.17) and 0.16 (range,
0.13–0.18), respectively. Thus, once more, the diﬀerences
between the OFR and RFVR parameters were quite small
and a t-test indicated that they were not signiﬁcant
(p > 0.05).6.2.4. Eﬀects of an ISI
The types of stimuli used in Experiment 4 (mf, 1f, and
3f) were the same as those used in an analogous study con-
cerned with the dependence of the OFR on an ISI (Sheliga
et al., 2006a), and the parameters of those stimuli were very
similar in the two studies.8 Unfortunately, we do not have a
simple mathematical function with which to describe the
ISI data and so must rely on simply overlaying the two nor-
malized data sets in order to compare them. Fig. 9d, which
shows the dependence of the normalized average RFVR
data on an ISI for all 3 subjects for each of the three stimuli
(continuous lines), includes the corresponding data from
the study of Sheliga et al. (2006a) on the OFR (see the dot-
ted lines). It is evident from this ﬁgure that the RFVR and
OFR data obtained with each of the three stimuli were
broadly similar, showing reversals with brief ISIs that
Y. Kodaka et al. / Vision Research 47 (2007) 2637–2660 2657had very similar (relative) amplitudes and comparable—
though not quite identical—time courses. With the 1f and
3f stimuli, the main diﬀerence between the OFR and
RFVR data was in the duration of the reversal, this being
more prolonged for the RFVR data. However, it is evident
from Fig. 9a–c that this parameter also showed substantial
inter-subject variability, e.g., the reversals with the 1f stim-
uli were clearly less prolonged for subject BMS (Fig. 9b)
than for subjects NPB (Fig. 9a) and FAM (Fig. 9c). Thus,
a factor in these apparent diﬀerences in the time course of
the dependence on an ISI could be that only one of the
three subjects (FAM) participated in both studies.7. Closing remarks
Our quantitative comparison of the OFR and the
RFVR indicates that any diﬀerences in their fundamental
spatiotemporal characteristics—such as their dependence
on contrast, spatial frequency and an ISI, as well as the
nonlinear interactions that are evident with competing
motions—are generally very minor. We suggest that these
two very diﬀerent kinds of eye movements share these basic
spatiotemporal properties because they are mediated by the
same low-level, local-motion detectors. As pointed out ear-
lier, recent work on monkeys strongly implicates the MST
area of cortex in the genesis of the RFVR and OFR, and
this area is known to receive major inputs from area MT
(Maunsell & van Essen, 1983; Ungerleider & Desimone,
1986), which receives a direct projection from direction-
selective neurons in V1 (Movshon & Newsome, 1996)9 Of
particular interest is that recent authors have suggested
that neurons in MT inherit their local-motion selectivity
from neurons in V1 (e.g., Born & Bradley, 2005; Church-
land, Priebe, & Lisberger, 2005; Movshon & Newsome,
1996; Priebe, Lisberger, & Movshon, 2006; Rust, 2004;
Rust et al., 2006). This raises the possibility that the local
spatiotemporal properties of the MST neurons mediating
both the RFVR and the OFR directly reﬂect the local-
motion energy computed by V1 direction-selective neurons.
Thus, even though the MST neurons mediating these two
reﬂexes must have very diﬀerent global properties—prefer-
ring radial vs. linear optic ﬂow, respectively—they none-
theless might share the same local spatiotemporal
characteristics. Such reasoning suggests to us that these
reﬂex eye movements might provide an objective probe
for quantitative studies of the visual motion processing in
the human striate cortex.Acknowledgments
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